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Abstract

Management of crop residues and soil organic matter is of primary importance in maintaining soil fertility and productivity

and in minimizing agricultural impact on the environment. Our objective was to determine the effects of traf®c and tillage on

short-term carbon dioxide (CO2) and water (H2O) ¯uxes from a representative soil in the southeastern Coastal Plain (USA).

The study was conducted on a Norfolk loamy sand (FAO classi®cation, Luxic Ferralsols; USDA classi®cation, ®ne-loamy

siliceous, thermic Typic Kandiudults) cropped to a corn (Zea mays L.) Ð soybean (Glycine max (L.) Merr) rotation with a

crimson clover (Trifolium incarnatum L.) winter cover crop for eight years. Experimental variables were with and without

traf®c under conventional tillage (CT) (disk harrow twice, chisel plow, ®eld cultivator) and no tillage (NT) arranged in a split-

plot design with four replicates. A wide-frame tractive vehicle enabled tillage without wheel traf®c. Short-term CO2 and H2O

¯uxes were measured with a large portable chamber. Gas exchange measurements were made on both CT and NT at various

times associated with tillage and irrigation events. Tillage-induced CO2 and H2O ¯uxes were larger than corresponding ¯uxes

from untilled soil. Irrigation caused the CO2 ¯uxes to increase rapidly from both tillage systems, suggesting that soil gas ¯uxes

were initially limited by lack of water. Tillage-induced CO2 and H2O ¯uxes were consistently higher than under NT.

Cumulative CO2 ¯ux from CT at the end of 80 h was nearly three times larger than from NT while the corresponding H2O loss

was 1.6 times larger. Traf®c had no signi®cant effects on the magnitude of CO2 ¯uxes, possibly re¯ecting this soil's natural

tendency to reconsolidate. The immediate impact of intensive surface tillage of sandy soils on gaseous carbon loss was larger

than traf®c effects and suggests a need to develop new management practices for enhanced soil carbon and water management

for these sensitive soils. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Minimizing agriculture's impact on the global

increase in atmospheric carbon dioxide (CO2) requires

that soil management strategies be adopted that

sequester carbon (C) to maintain high levels of soil

organic matter. Information is needed on the variation

and magnitude of tillage-induced soil CO2 loss in

relationship to C ®xation through photosynthesis

within agricultural production systems. Recent

studies have indicated major gaseous loss of soil C

as CO2 immediately after tillage (Reicosky and Lind-

strom, 1993). Differences in CO2 loss as a result of

tillage methods can be related to physical soil fractur-

ing (i.e. that facilitates movement of CO2 out of and

oxygen into the soil) and to biological changes (i.e.

increased residue to soil contact which enhance micro-

bial activity). Because of accelerated loss of soil

organic matter, intensive tillage may play a major

role in decreasing soil quality which in turn impacts

environmental quality.

One method of measuring management effects on

accelerated soil C loss is with gas exchange chambers.

Limited understanding of chamber performance over

freshly tilled and nontilled surfaces and the lack of a

universally accepted calibration technique leads to

uncertainty interpreting gas ¯uxes. Denmead and

Raupach (1993) suggested chamber microclimate

may interfere with the natural process of gas exchange.

Rochette et al. (1992) showed ¯uxes measured with a

dynamic chamber were greater than a same sized

static chamber. Reicosky et al. (1997) showed sub-

stantial differences between a large dynamic canopy

chamber and a small dynamic soil chamber over tilled

surfaces, while differences over surfaces not tilled

were small. Flux differences between these chambers

was attributed to size, placement, increased turbulence

and dynamic pressure ¯uctuations in the canopy

chamber. Thus, ¯ux differences among chamber

types and interactions with tillage-induced changes

in soil properties require careful interpretation.

Roberts and Chan (1990) used simulated tillage

techniques in laboratory studies to examine the impor-

tance of tillage-induced increases in soil respiration

as a mechanism for organic matter loss. They mea-

sured CO2 evolution from soil cores after applying a

simulated tillage and found the C losses that could be

directly attributed to tillage ranged from 0.0005% to

0.0037% of the total C. They concluded that the

increase in microbial respiration due to tillage was

probably not a major factor leading to losses of soil

organic matter in soils under intensive cultivation.

Rovira and Greacen (1957) studied the effect of

aggregate disruption on the activity of microorgan-

isms in the soil and found that by breaking apart

aggregates they could release 21 kg C haÿ1, which

was close to the maximum loss reported in the work

by Roberts and Chan (1990) using simulated tillage

methods. Rovira and Greacen (1957) concluded that

an increase in the decomposition of organic matter

was induced by tillage and was a factor in decline of

organic matter in tilled soils. However, this mechan-

ism is reportedly small compared to other mechanisms

of C loss and is not clearly understood in soils of the

southeastern USA. There have been a few reported

attempts to measure CO2 evolution immediately after

tillage in the ®eld. Hendrix et al. (1988) were unable

o detect any stimulation of CO2 release immediately

after plowing using 0.1 m aluminum cylinders

and the alkali-absorption method. Soil CO2 evolution

using alkali-absorption increased by about 30% during

a month following tillage compared with NT

after sorghum harvest, but was unaffected following

wheatandsoybeanharvests (Franzluebbers etal., 1995).

Decreases in soil C as a result of intensive tillage are

well documented (Haas et al., 1957; Greenland and

Nye, 1959). A decrease in soil organic matter as a

result of intensive tillage is more pronounced in the

soils of the southeastern USA that are already very low

in organic matter, generally attributed to the duration

of higher soil temperatures. However, Greenland and

Nye (1959) have shown soil C can increase under

natural fallow conditions. Even in thermic udic

regimes, soil C can be increased using combinations

of conservation tillage and intensive cropping fre-

quencies and cover crops (Wood et al., 1991; Reeves

and Wood, 1994; Bruce et al., 1995). Thus, there is

hope for improved management to increase soil C

levels in existing agricultural soils and to reduce soil C

decrease in newly cultivated soils. There is optimism

that management can include high residue production

techniques, using perennial forage crops, elimination

of bare fallow periods, and reduced tillage, to promote

C sequestration in the soil.

Coarse textured soils of the southeastern USA

Coastal Plain often limit crop production because of
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poor water-holding capacity and surface and subsoil

compaction. Deep tillage (especially subsoiling) often

results in yield increases for crops grown on these soils

(Trouse, 1983; Kamprath et al., 1979; Reeves and

Touchton, 1986; Reeves et al., 1990). Alternative

tillage practices, including controlled traf®c, affect

crop yield on these highly compacted soils. Previous

research with CT systems was focused on single

components of the compaction problem, either tillage

or traf®c (Lee et al., 1996). Improving environmental

quality requires understanding the interaction between

tillage and wheel track compaction on short-term CO2

¯ux and soil C storage.

The role of surface tillage and residue management

in nutrient transformation and cycling has been a

subject of much interest in the southeastern USA,

yet the role of soil compaction on these transforma-

tions has not been studied in detail. Information is

needed on the impact of wheel track compaction as it

affects the short-term release of CO2 following surface

tillage events. The objective of this study was to

determine the effect of wheel traf®c soil compaction

and tillage management on short-term CO2 and H2O

¯uxes from a Coastal Plains soil.

2. Materials and methods

2.1. Experimental site

This research was conducted as part of a continuing

long-term study (1988±1995) described in detail by

Reeves et al. (1992) and Torbert et al. (1996) on a

Norfolk loamy sand at the E.V. Smith Research Center

of the Alabama Agriculture Experiment Station in east

central Alabama, USA (N 32825.467Â, W 858 53.403Â).

The experimental area was divided into two groups of

plots, referred to as Field 1 and Field 2, to accom-

modate the two phases of the crop rotation. Most of the

tillage related data collected in this study was from

Field 1. The soil is highly compactible and has a well

developed hard pan at the 18±30 cm depth. Soil bulk

density in the hard pan ranges from 1.51 to 1.76

Mg mÿ3 with a predominance of sand in the pro®le.

Cation exchange capacity averaged 2.02 cmol kgÿ1,

organic matter averaged 10.0 g kgÿ1, and soil pH

averaged 6.4. Other soil and residue properties are

summarized in Table 1.

Crop rotation consisted of corn in 1993, followed

by a winter cover crop of crimson clover and soybean

in 1994 with a winter cover crop of crimson clover.

The above ground soybean non-grain biomass aver-

aged 3400 kg haÿ1 the previous fall and was not

readily apparent at the start of this study due to

overwinter decomposition. Cover crop was terminated

with a burn-down herbicide [glufosinate±ammonium].

Fertilizer and lime recommendations were based on

Auburn University Soil Testing Laboratory data

(Adams et al., 1994).

2.2. Tillage treatments

The experimental layout and design were pre-

viously described in detail by Reeves et al. (1992).

Experimental variables were with and without traf®c

under conventional tillage (CT) (disk harrow twice,

chisel plow, ®eld cultivator) and no tillage (NT)

arranged in a split-plot design with four replicates.

The treatments for this study were selected from a

higher level split within the experiment. Thus, there

were four combinations of traf®c and tillage in a split-

plot design of four replications. Main plots were traf®c

and subplots were tillage. Fluxes of CO2 and H2O

were analyzed with time (immediately before and

after tillage) and included in the model as the sub-

subplot factor. Data for each operation were subjected

to analysis of variance using SAS (Littell et al., 1991

SAS Institute Inc., 1988). Means were separated using

Fisher's protected LSD at the P < 0.10 level of sig-

ni®cance, chosen a priori.

Conventional spring tillage included disking twice

to 10±12 cm, chisel plowing to 15±18 cm and ®eld

cultivation to 10 cm. The no-tillage treatment required

no surface tillage. In both CT and NT an eight-row

(76 cm row width) NT planter was used to simulate the

planting operation (planters were not loaded with

seed). The planter was equipped with interlocking

steel-®ngered row cleaners set to ¯oat just above

the soil surface to skim excessive residues from a

10 cm band width over the planting row.

All tillage and planting operations for the no-traf®c

plots were done with an experimental wide-frame

tractive vehicle (6.1 m wide) described by Monroe

and Burt (1989). In the traf®cked plots, a 4.6 Mg

tractor with tires (470 mm � 970 mm) in¯ated to an

average pressure of 125 kPa immediately followed the
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Table 1

Summary of soil (0±20 cm depth) and surface residue properties (mean and standard deviation) on conventional and no-tillage plots

Field 1 Ð Main study area Field 2a Ð Adjacent tier `̀ Live Clover''

Traffic Tillage Residue,

DM (kg haÿ1)

Residue, N

(g kgÿ1)

Residue, C

(g kgÿ1)

Soil, N

(g kgÿ1)

Soil, C

(g kgÿ1)

Cone resistance

(MPa)

Residue, DM

(kg haÿ1)

Residue, N

(g kgÿ1)

Residue, C

(g kgÿ1)

�x �sd �x �sd �x �sd �x �sd �x �sd �x �sd �x �sd �x �sd �x �sd

No No-till 2648 1145 27.8 3.6 415 39.9 0.91 0.44 6.23 2.99 0.34 0.26 3036 501 23.3 0.9 424 3.5

No Till ±b ± ± ± ± ± 0.78 0.28 6.11 1.46 0.23 0.26 3426 1224 23.5 1.7 423 1.0

Yes No-till 1771 848 26.8 2.0 409 9.0 0.98 0.49 7.00 4.29 0.58 0.49 1599 338 22.5 1.3 420 6.9

Yes Till ±b ± ± ± ± ± 0.83 0.31 5.76 1.20 0.34 0.36 2468 684 23.4 1.3 424 2.6

a Field 2 was an adjacent area with the same treatment history as the alternate phase of the rotation in the long-term study.
b Tillage applied before residue collected.

DM � dry matter.
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wide-frame tractive vehicle to simulate tractor traf®c

in a ®eld operation. In previous years (1988±1994)

random traf®c patterns were applied each fall for

land preparation and planting of the cover crop. Uni-

form traf®c patterns were established in the corn or

soybean to simulate operations done by a farmer with

four-row equipment each year. Thus, every simulated

planting row in the traf®c plots had a traf®c and a non-

traf®c interrow.

2.3. Residue measurements

Residue was collected from 0.25 m2 samples taken

from an immediately adjacent area to the CO2 mea-

surement with NT. The bulk of the residue was from

crimson clover cover crop that was desiccated 10 days

earlier. Most of the preceeding year's soybean residue

had already decomposed. We mistakenly imposed

tillage on the CT plots before residue samples were

collected. However, as an indication of the variation in

residue that would have been present under CT, we

collected samples the following day from the adjacent

tier that had not been desiccated (Field 2). These

residue properties are designated as `̀ live clover'' in

Table 1 and should approximate the difference

between treatments before tillage in the main study

area (Field 1).

2.4. Soil measurements

Soil samples from 0 to 20 cm depth were collected,

dried and ®nely ground (<0.15 mm particle size) using

a conveyor-belt roller grinder apparatus (Kelley,

1994). Residue samples were dried and ground to

pass a 1 mm screen on a Wiley mill. Soil and plant

residue samples were analyzed for C and nitrogen (N)

using an automated combustion technique (Yeomans

and Bremner, 1991).

Cone resistance was determined from within the

CO2 measurement area with a simultaneous ®ve-shaft

recording penetrometer with 20.27 mm diameter base

cone size (ASAE, 1998). Three insertions were made

within each plot. Cone index forces were recorded

at 3 mm depth intervals and were averaged for the

0±20 cm depth.

Gravimetric soil water was determined on 3 April

1995, one day prior to irrigation of the plots, and also

on 5 April 1995. Six 25 mm diameter cores from 0 to

20 cm depth were composited from within each CO2

measurement area in each plot.

2.5. Gas flux measurements

Gas ¯uxes from the soil surface were measured

during the period 3±6 April 1995 using a large,

portable closed chamber as described by Reicosky

and Lindstrom (1993) and Wagner and Reicosky

(1996). The chamber (area � 2.71 m2 and volume

� 3.25 m3), with the mixing fans running, was placed

over the soil surface 3 m from end of plot, lowered and

data collected at one second intervals for a total of 60 s

to determine the rate of CO2 and H2O increase. Other

data measured included solar radiation, photosynthe-

tically active radiation, air temperature and wet bulb

temperature. After appropriate lag and mixing times,

data for a 30 s calculation was selected to convert

volume concentrations of H2O and CO2 to a mass

basis, then regressed as a function of time using linear

and quadratic functions to estimate the gas ¯uxes

(Wagner et al., 1997).

Potential methodological limitations of the canopy

chamber described by Reicosky et al. (1997) may have

been exacerbated on this loamy sand. While the

absolute ¯uxes may be questioned, relative tillage

treatment differences appeared reasonable based on

previous work (Reicosky and Lindstrom, 1993).

Recent unpublished work on possible chamber limita-

tions due to turbulent mixing has identi®ed both

positive and negative pressures with an average net

negative pressure inside the chamber of ÿ1.5 Pa that

may, when combined with tillage-induced changes in

soil air permeability, contribute large short-term

¯uxes. No effort was made in this work to account

for air pressure and/or soil porosity effects that are the

subject of continuing research.

Timing of gas exchange measurements on both

CT and NT was related to the tillage and planting

operations in CT. The major events over the four days

of this study in the CT system were: (1) disk harrow

twice, (2) 25 mm irrigation, (3) chisel plow, (4) ®eld

cultivation, and (5) planting. Additional measure-

ments were completed between these events as

time permitted. Triplicate gas exchange measure-

ments were made in the same area prior to and

immediately after the speci®c tillage event on all four

replicates.
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Gas exchange measurements were initiated prior to

the ®rst tillage operation, which included two disk

harrow operations on 3 April 1995 (Day 93). On 4

April 1995 (Day 94) during mid-day a 25 mm irriga-

tion during 20 min was applied using small hose and

pumps from water wagons over a 10 � 10 m area at

the west end of each plot. On Day 95, CT plots were

chisel plowed twice. On 6 April 1995 (Day 96), the CT

plots were ®eld cultivated once and then planted with a

no-till planter. Every effort was made to measure gas

exchange on all four replicates as soon as possible

after each tillage operation. However, the plot layout

and travel time between plots with the portable cham-

ber precluded making the measurements as rapidly as

the area was tilled. Thus, the four replicates for a

speci®c treatment were all completed within 30 min of

the time of each tillage.

To account for possible temporal changes, an undis-

turbed reference or control area for gas ¯ux measure-

ments was established on an adjacent area that was

disk harrowed ®ve days earlier and was free of surface

residues and weeds. The soil surface was nearly air dry

to 10 cm and re¯ected a standard condition that did not

change appreciably during this experiment.

3. Results and discussion

Since much of the CO2 evolution is from biological

sources, water content and temperature at the time of

tillage is important. Soil temperature (data not shown)

at the 5 cm depth on the day of ®rst tillage was as low

as 17.88C around 1100 h under NTand as high as 258C
under CT after the initial disking. Maximum tempera-

ture recorded ranged from 208C under NT to 298C
under CT around 1500 h.

Soil water content before and after tillage is sum-

marized in Table 2. There was no rainfall for 14 days

prior to this study with the last substantial rain of

56 mm occurring 26 days (on 8 March 1995) prior to

the study.

3.1. Temporal trends and events

Two representative plots were selected to show

overall temporal trends in Figs. 1 and 2. Because of

Table 2

Soil water content (mean and standard deviation, 0±20 cm depth) before and after irrigation on 4 April 1997 (Day 94)

Traffic Surface tillage Soil water (g kgÿ1)

Before After

�x �sd �x �sd

No-traffic No-tillage 38.4 5.63 79.4 9.99

No-traffic Conv. tillage 45.5 4.08 83.7 4.24

Traffic No-tillage 43.8 11.94 82.4 10.24

Traffic Conv. tillage 42.1 4.71 85.3 12.61

Fig. 1. The CO2 flux and evaporation rate as a function of time for

a selected conventional tillage plot (a) with traffic and (b) without

traffic.
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the data scatter, no discernable effect of traf®c vs. no-

traf®c on CO2 ¯ux was observed, possibly due to

differences in timing of the measurements. Gas ¯uxes

from both CT and NT showed a substantial increase

after the irrigation on Day 94. Fluxes gradually

declined as the soil dried during the next two days.

These ¯ux data show limited temporal trends and need

to be interpreted with caution due to limited measure-

ment times around each tillage event and lack of

measurements during the night.

3.1.1. Disk harrow

CO2 ¯ux was greater after than before disk harrow-

ing, regardless of tillage (Fig. 3a and b). CO2 ¯ux was

signi®cantly lower without than with traf®c prior to

disk harrowing but similar after disk harrowing.

Tillage history had no effect on evaporation rates

prior to disk harrowing. After disk harrowing, eva-

poration rate dramatically increased. Traf®c had no

effect on evaporation rate (Fig. 3b). The CO2 ¯ux prior

to the disk operation ranged as high as 0.21 g CO2

mÿ2 hÿ1, which were relatively low ¯uxes because of

dry conditions. Although evaporation increased fol-

lowing disk harrowing, CO2 ¯ux did not increase

presumably because soil was too dry for signi®cant

microbial activity.

3.1.2. Irrigation

Gas ¯uxes before and after a 25 mm irrigation on

Day 94 are summarized in Fig. 4a and b. The CO2 ¯ux

in CT was higher than in NT before irrigation, prob-

ably as a result of the previous disk harrow operation.

Evaporation prior to irrigation was about the same in

both CT and NT due to the extremely low water

content. Irrigation signi®cantly increased CO2 ¯ux,

regardless of tillage or traf®c. There was a trend

(P < 0.17) for greater average ¯uxes from plots with-

out traf®c compared to those with traf®c, regardless of

irrigation.

After irrigation, dramatic increases in both CO2 and

H2O ¯uxes were evident within minutes after the

event. Flux increases after irrigation were greater

under CT than under NT. Isolating the traf®c effect

after irrigation showed greater evaporation occurred

Fig. 2. The CO2 flux and evaporation rate as a function of time

for a selected no-tillage plot (a) with traffic and (b) without

traffic.

Fig. 3. Gas fluxes before and after disk harrow operation

for (a) surface tillage effect and (b) traffic effect (ns: not

significant).
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with no-traf®c compared to traf®c. The traf®c by time

interaction showed evaporation was less for no traf®c

than with traf®c before irrigation; however, after

irrigation, no traf®c had greater evaporation than

traf®c plots. These results are unclear, but possibly

suggest a slightly lower surface porosity in the traf®c

plots that retained the water near the surface to account

for the higher post-tillage evaporation. The complex

interactions of temporal dynamics of drying and sam-

pling sequence with a single chamber may have also

contributed to the uncertainty. The rapid response of

evaporation to irrigation was expected. Rapid initial

response of CO2 ¯ux may have been due to in®ltrated

water that displaced soil CO2. However, the continued

response of CO2 ¯ux suggests rapid microbial

responses to irrigation. The increase in CO2 ¯uxes

due to irrigation on the NT plots con®rms previous dry

soil conditions limited microbial activity in the surface

layer. These results also indicate a time response of

soil microbes of 1 h or less in response to irrigation of

sandy soils. It is possible in the short-term that irriga-

tion water displaced soil air rich in CO2 and physically

forced out CO2 to the atmosphere.

3.1.3. Chisel plow

The chisel plow operation occurred on Day 95,

about 20 h after irrigation. A signi®cant chisel plow

by time interaction occurred in that the average CO2

¯uxes in no-tillage plots remained the same before and

after the chisel plow operation occurred in the CT plots

(Fig. 5a and b). However, there was a 93% increase in

average CO2 ¯ux following chisel plowing in CT. The

higher ¯uxes on CT plots were attributed to a combi-

nation of the previous disk harrow operation mixing

the residue and soil, leaving the surface rough, and the

subsequent irrigation that resulted in ideal conditions

for microbial activity and evaporation. By this time,

traf®c had no effect on CO2 ¯ux or evaporation.

Within no-tillage plots, evaporation was signi®-

cantly greater prior to the chisel plow operation which

occurred in the CT plots than after this operation was

completed about 2 h later (Fig. 5a). Prior to chisel

plowing, the soil surface had already started to dry.

Evaporation from NT plots was about half that after

irrigation on the previous day, while that from CT

plots was nearly the same (Figs. 4a and 5a). After the

chisel plow operation, both CO2 and H2O ¯uxes in CT

Fig. 4. Gas fluxes before and after 25 mm of irrigation for (a)

surface tillage effect and (b) traffic effect (ns: not significant).

Fig. 5. Gas fluxes before and after chisel plowing for (a) surface

tillage effect and (b) traffic effect (ns: not significant).
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increased signi®cantly, partly due to evaporative

demand but mainly due to moist soil being brought

to the surface and increased surface roughness follow-

ing tillage. Evaluating the surface tillage effect, both

CO2 and H2O ¯uxes on CT were larger as a result of

the vigorous chisel plow operation. Rapid drying of

the soil surface/residue interface in the NT plots

caused a slight reduction in H2O ¯uxes (Fig. 5a).

The magnitude of these ¯uxes after chisel plowing

are somewhat lower than observed under Midwest

conditions (Reicosky and Lindstrom, 1993), suggest-

ing large soil differences in response to tillage. In

those conditions, Reicosky and Lindstrom (1993)

found, for a Hamerly clay loam soil with 34 g kgÿ1

C content, the CO2 ¯ux after chisel plow was

9.0 g CO2 mÿ2 hÿ1 while the Norfolk loamy sand with

4.0 g kgÿ1 C showed only 4.6 g CO2 mÿ2 hÿ1. Many

other soil differences, e.g. texture, clay mineral type,

organic carbon, cation exchange capacity and other

factors likely explain the different ¯uxes for the two

locations. Noteworthy was the decrease in the average

CO2 ¯ux 20 h after irrigation in NT from 2.8 (Fig. 4a)

to 0.55 g CO2 mÿ2 hÿ1 (Fig. 5a) corresponding to the

decrease in evaporation from 0.49 to 0.25 mm hÿ1.

This rapid decline in both ¯uxes suggests a bene®cial

soil-residue contact and drying regime that minimizes

carbon and water loss in the NT system.

3.1.4. Field cultivation

The fourth event in the CT system was a ®eld

cultivator operation about 20 h after chisel plowing

and immediately prior to planting on Day 96. This

operation was not a vigorous tillage, but further

smoothed the soil surface and caused some soil recon-

solidation. Differences between the average ¯uxes

from CT and NT prior to the ®eld cultivator operation

are noted in Fig. 6a. The CO2 ¯uxes under NT were

equivalent before and after the time of ®eld cultivat-

ing, but were reduced 18% from those following CT

chisel plowing. Field cultivation signi®cantly reduced

CO2 ¯ux in CT, although ¯uxes were 37% lower than

following chisel plowing. The CO2 ¯uxes in CT

following ®eld cultivation were nearly four times

higher than those in NT 20 h later. Traf®c had no

effect on either CO2 or H2O ¯uxes.

Evaporation in CT was reduced to 39% of that

following chisel plowing but the ®eld cultivation

increased evaporation 99% compared to that measured

immediately before the operation. Evaporation in CT

following ®eld cultivation was 1.8 times larger than in

NT. The decrease in CO2 ¯ux in CT may be attributed

to some soil reconsolidation following ®eld cultivation

while the small increase in evaporation may be attrib-

uted to moist soil brought to the surface. However, the

large difference between NT (0.44 g CO2 mÿ2 hÿ1)

and CT (1.71 g CO2 mÿ2 hÿ1) after about 44 h of

drying shows substantial CO2 loss as a result of soil

disturbance which suggests increased microbial activ-

ity and rapid decomposition of incorporated crop

residues. Corresponding changes in evaporation

showed slightly higher evaporation immediately fol-

lowing the ®eld cultivator as moist soil was uncovered

and leveled, but with a declining magnitude re¯ecting

cumulative water loss the previous two days.

3.1.5. Planting

The last operation was planting. Average CO2 and

H2O ¯uxes after soil disturbance caused by the planter

on Day 96 are summarized in Fig. 7a. The ¯uxes

before planting were the same as those after the ®eld

Fig. 6. Gas fluxes before and after the field cultivator for (a)

surface tillage effect and (b) traffic effect (ns: not significant).
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cultivator operation in Fig. 6 some 2±3 h later. CO2

¯uxes after planting were slightly (7%) but signi®-

cantly increased compared to those just prior to plant-

ing regardless of tillage system. Averaged across time

(just prior to and immediately following the planting

operation), CO2 ¯uxes were signi®cantly (approxi-

mately four times) greater in CT than in NT (Fig. 7a).

Traf®c had no effect on CO2 ¯uxes.

There was a signi®cant traf®c by tillage by time

interaction on evaporation during the planting opera-

tion (P < 0.005, data not shown). This was the only

three-way interaction that occurred in the study. This

was due to evaporative ¯uxes being similar in effect

and magnitude (slightly decreased following the plant-

ing operation) within no-tillage plots, regardless of

traf®c; and to the fact that within surface tilled plots,

without traf®c, evaporation was similar before and

after the planting operation while with traf®c, evapora-

tion doubled (from 0.15 to 0.35 mm hÿ1) following

the operation. The decreases in evaporation following

planting in NT, regardless of traf®c, and in CT plots

with traf®c were likely due to further soil drying

during the short interval as well as to differences in

bulk density as suggested by the cone penetrometer

differences between these plots and the ®eld cultivated

CT plots without traf®c (see Table 1). The single

grained nature of this soil and natural tendency to

reconsolidate complicates the interpretation. External

causes of reconsolidation such as rainfall or wheel

traf®c contribute to the variation in a complex way.

These results suggest that the planting operation with a

no-till planter results in little extra CO2 loss as a result

of the small disturbance in the narrow band where the

seed is placed and the soil re-compacted for seed-soil

contact. Tillage implements appear to be the main

cause of CO2 loss in this study. The effect of traf®c

before and after the planter operation was not evident

on CO2 ¯uxes.

Equipment wheel traf®c compaction effects showed

no clear cut trends in CO2 ¯uxes. The traf®c effect on

CO2 ¯ux was not discernable before and after the

initial disk harrow operation or in any of the other

operations. However, before and after irrigation, there

was a tendency for ¯uxes from the NT, no-traf®c plots

to be slightly higher than the no-till traf®cked areas.

This was true both before and after the initial irriga-

tion, suggesting a tendency for wheel traf®c compac-

tion to increase cone penetrometer resistance (Table 1)

and as a result decrease the gas ¯uxes. However, ¯ux

differences were not signi®cant and suggest that nat-

ural reconsolidation, random variation and sample

variability may preclude ®rm conclusions about traf®c

compaction effects.

3.2. Cumulative fluxes

Dif®culty in viewing the individual plot trends as a

function of time led to the calculation of the cumu-

lative ¯uxes of CO2 and H2O for the 80 h period of this

study summarized in Fig. 8. Cumulative losses as a

result of all tillage and irrigation operations were

calculated using a simple numerical integration tech-

nique (Trapezoidal rule) and re¯ect the area under the

curves of the ¯ux vs. time illustrated in Figs. 1 and 2.

Insuf®cient data were collected to accurately show

smooth non-linear trends for data summation. As a

result, data points were connected by simple linear

interpolation and will represent a ®rst approximation.

Values were averaged across tillage systems in Fig. 8a

and traf®c treatments in Fig. 8b. Cumulative ¯ux

values need to be interpreted with caution because

Fig. 7. Gas fluxes before and after the planter for (a) surface tillage

effect and (b) traffic effect (ns: not significant).
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of the long period during the night when no data were

collected. However, based on other diurnal data, the

trends shown are reasonable and represent a ®rst

approximation. Even with these limitations, the cumu-

lative data show substantial differences between CT

and NT treatments. There was nearly a threefold

increase in the cumulative CO2 ¯ux on the CT aver-

aged over traf®c and no-traf®c (159 g CO2 mÿ2) com-

pared with NT averaged over traf®c and no-traf®c

(56 g CO2 mÿ2) (Fig. 8b). Corresponding cumulative

losses on the non-irrigated reference area for the same

80 h period were 26 g CO2 mÿ2, substantially lower

due to limited water. The low surface soil water

content on this area resulted in relatively low CO2

and H2O ¯uxes. However, the CO2 ¯uxes from this

loamy sand were larger than some of those measured

from NT treatments on clay loam soils higher in

organic matter in west central Minnesota (Reicosky

and Lindstrom, 1993). Conventional tillage without

traf®c had a slightly higher cumulative ¯ux of CO2

than the CT with traf®c. However, small differences

noted for both CT and NT were not signi®cant (Fig.

8a). These ®ndings are similar to those of Entry et al.

(1996) who showed tillage and wheel traf®c compac-

tion had no consistent effects on active microbial and

fungal biomass and organic matter decomposition.

Cumulative H2O ¯uxes summarized in Fig. 8b show

a quantitative trend similar to the CO2 ¯uxes. Sub-

stantial differences occurred when averaged across

traf®c between CT (23 mm of H2O) and NT

(14 mm of H2O). Since potential evaporative demand

was similar for both treatments, surface residue cover

in NT and direct tillage effects in CT accounted for the

evaporation differences. Differences in H2O loss due

to surface tillage were slightly smaller relative to CO2

losses because both CT and NT were irrigated. Eva-

poration shortly after irrigation was nearly the same

early on all treatments controlled primarily by the

evaporative demand. The next day, treatment effects

caused the evaporation to separate as drying continued

to account for cumulative differences. Irrigation had a

substantial effect on cumulative loss of water vapor

due to high evaporative demand. The corresponding

cumulative loss from the non-irrigated reference area

for the same 80 h period was 1.4 mm of H2O. Differ-

ences in gas exchange between CT and NT were

substantial throughout this short-term study and sug-

gest that improved management practices using NT or

conservation tillage techniques can minimize CO2 loss

and conserve water.

4. Summary

In summary, surface tillage-induced ¯uxes of CO2

and H2O from CT were higher than from NT in the

short-term. Due to the initially dry soil, irrigation

caused a rapid increase in the ¯uxes of CO2 and

H2O from both tillage systems. However, short-term

¯ux differences became larger as the ¯uxes decreased

faster in NT than in CT. Surface residue effects were

likely re¯ected in the lower CO2 and H2O ¯uxes from

NT plots with the surface residue serving as a

`̀ mulch'' for reducing soil evaporation. Residues on

the NT surface also minimized the soil-residue contact

to result in a lower decomposition rate, that may have

also been caused by lower surface soil temperatures.

While cone index data indicated compaction differ-

ences due to prior traf®c and NT, the effects were not

discernable on gas ¯uxes. Little effect of traf®c com-

paction vs. no-traf®c was noted on the ¯uxes of CO2

Fig. 8. Cumulative CO2 and H2O fluxes for 80 h after the first

tillage event for (a) surface tillage effect and (b) traffic effect (ns:

not significant).
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and H2O with tillage and irrigation events and sug-

gests particle size distribution and single-grained nat-

ure of this soil allows it to naturally reconsolidate

without equipment compaction. Traf®c compaction

effects were not consistent and appeared to be com-

plicated by the large in-plot variation in penetration

resistance pro®les in both traf®c and no-traf®c plots.

The CO2 ¯uxes tended to be only slightly higher

without traf®c. Water vapor ¯uxes were the same with

or without traf®c.

There was nearly a threefold increase in the cumu-

lative CO2 ¯ux on CT averaged over traf®c and a 1.6-

fold increase in the cumulative H2O ¯ux over NT,

primarily due to tillage enhanced evaporation suggest-

ing that forms of NT or conservation tillage can be

useful in conserving soil water as well as minimizing

the soil C loss through tillage-induced gas exchange.

Both C and H2O conservation are critical in crop

stand establishment on this drought prone soil. The

positive bene®ts of the NT system will be enhanced

soil and environmental quality and short-term water

conservation for sustainable crop production on these

fragile soils.
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